In order to gain a further insight into the knowledge of point defects of ZnO, positron annihilation lifetime spectroscopy was performed on bulk samples annealed under different atmospheres. The samples were characterized at temperatures ranging from 10 to 500 K. Due to difficulties in the conventional fitting of the lifetime spectra caused by the low intensity of the defect signals, we have used an alternative method as a solution to overcome these difficulties and resolve all the lifetime components present in the spectra. Two different vacancy-type defects are identified in the samples: Zn vacancy complexes ͑V Zn -X͒ and vacancy clusters consisting of up to five missing Zn-O pairs. In addition to the vacancies, we observe negative-ion-type defects, which are tentatively attributed to intrinsic defects in the Zn sublattice. The effect of the annealing on the observed defects is discussed. The concentrations of the V Zn -X complexes and negative-ion-type defects are in the 0.2-2 ppm range, while the cluster concentrations are 1-2 orders of magnitude lower.
I. INTRODUCTION
The fabrication of photonic devices of ultraviolet wavelength range and high frequency electronic devices requires semiconductors with a wide band gap. The physical and chemical properties of ZnO make it a promising candidate for optoelectronic applications in the blue-UV range. 1 ZnO is a semiconducting compound of the II-VI family with a direct wide band gap ͑3.37 eV at room temperature͒ and it presents an exciton binding energy of 60 meV. 2 As a consequence, the excitons are not easily thermally dissociated and the near band gap recombination is very efficient even at room temperature. In addition, the electrical and optical properties of ZnO are very resistant to deterioration under irradiation. 3 Defects and impurities in semiconductors can trap electrons and holes. The electronic and optical properties of the devices are largely affected by the defects and their presence must be controlled. As-grown ZnO samples are n type, but if a p-n junction is to be constructed, ZnO bulk samples of p-type conductivity need to be obtained. Great effort is being put into obtaining p-type bulk samples. Nitrogen, 4 phosphorus, 5 and arsenic 6 are potential acceptor impurities, but it is difficult to obtain crystals with stable p character. 2 The creation of excess donors is determined by the thermodynamics and the growth process. Many parameters, such as the partial pressure of the components or the growth temperature, control this process. In thermodynamical equilibrium, the concentration of the defects is determined by their formation energy. In subsequent thermal treatments, the autodiffusion of vacancies and interstitials can decrease their concentration. Positron annihilation lifetime spectroscopy ͑PALS͒ is a useful tool for studying open volume defects in semiconductors. 7 Positrons get trapped at negative and neutral vacancy defects, and also at hydrogenic states around negatively charged defects with no open volume, such as acceptor-type impurities.
In this work, we study ZnO bulk crystals, grown by vapor transport ͑VT͒, annealed under different atmospheres: oxygen vapor overpressure, Zn vapor overpressure, and vacuum. PALS measurements have been performed from 10 to 500 K. The origin of the observed defects and their behavior in the annealed samples are discussed.
II. EXPERIMENT
As said before, ZnO bulk samples were grown by VT under slightly Zn-rich conditions. 8 The samples were annealed at 900°C for 20 h in atmosphere composed of oxygen ͑O 2 ͒ vapor 2 atm overpressured, in atmosphere composed of Zn vapor 2 atm overpressured, and in vacuum. A couple of identical samples are necessary to measure the positron annihilation lifetime. Then, all the annealed and the as-grown samples were cut from the same ingot for a direct comparison of the differences and their characteristics.
The PALS measurements were performed with a fast-fast spectrometer in collinear geometry 7 in the 10-500 K temperature range. The time resolution of the experimental setup was 270 ps. As positron source, we used 22 NaCl deposited on a thin Al foil, sandwiched between two sample pieces. All spectra have ͑1.7-2͒ ϫ 10 6 counts and the lifetime spectra were analyzed after subtracting the background and the source corrections ͑215 ps 3%, 400 ps 5.1%, 1500 ps 0.09%͒ determined with a saturated vapor pressure ͑SVP͒-grown reference ZnO sample. 9 The analyses were performed with two lifetimes convoluted with the Gaussian resolution function of the experimental setup. The average lifetime ͑͒, which coincides with the center of mass of the spectrum, has the smallest experimental error, so the changes in the average lifetime are the best evidence of changes in the composition of the defects. It can be calculated as the sum of the indi-vidual lifetimes, weighted with the normalized intensity of each component: = ͚ i I i i . The increase of the average lifetime above the positron lifetime in the bulk ͑ b ͒ indicates the presence of vacancy-type defects. The kinetic trapping model 10 is used to fit the experimental positron lifetime data.
III. POSITRON TRAPPING AT DEFECTS
When a positron enters a semiconductor material, it loses its kinetic energy rapidly and reaches thermal equilibrium with the crystal lattice. It diffuses through the material until it annihilates directly from the delocalized state with an electron, or gets trapped at a defect and annihilates from a localized state. Neutral and negatively charged vacancy defects are efficient positron traps due to the missing positive ion core. Also, negatively charged defects with no open volume can trap positrons at low temperatures. The positron lifetime correlates with the open volume at the annihilation site; hence, it is longer at vacancy defects than in the free state in the lattice. In the case of neutral defects, the positron trapping is independent of the temperature, but the trapping coefficient of negatively charged defects 10 varies as T −1/2 . The positron trapping rate to a defect ͑ D ͒ is proportional to its concentration
The trapping coefficient ͑ D ͒ depends on the type of the defect and the surrounding lattice. 11 The trapping and annihilation processes are described by a set of kinetic equations. They relate the rate of change of density of positrons in a determined state to the trapping, detrapping, and annihilation rates at all the states of the positron. 10 In addition to vacancy defects, positrons can also get trapped at hydrogenlike Rydberg states surrounding negative centers with no open volume ͑called ionic traps from this point forward͒, where their binding energy is small ͑typically E b ഛ 0.1 eV͒. Positrons are not well localized at the ionic traps and their wave functions extend to the bulk of the material; hence, the annihilation characteristics are similar to the delocalized state in the lattice and they get detrapped below room temperature. 12 The detrapping process from the ionic traps is thermally activated and the activation energy is equal to the binding energy E b . 13 The escape rate ͑␦ ion ͒ can be written as
where m * Ӎ m 0 is the positron effective mass, k B the Boltzmann constant, c ion the ion concentration, and h the Planck constant. In principle, positrons can also escape from the Rydberg states around negatively charged vacancies, but we assume that the transition from the Rydberg state to the ground state in the vacancy is fast enough so that this effect can be neglected. 10 An effective trapping rate of the ionic traps can thus be defined as
where ion = b = b −1 is the annihilation rate of positrons trapped at the Rydberg state, which coincides with the annihilation rate from the delocalized state in the lattice.
We will show in this work that the analyzed ZnO samples contain two different types of vacancy defects ͑Zn vacancy complex defects, V Zn -X, and vacancy clusters͒ and ionic traps. In this case, the average lifetime is related to the positron trapping rates and annihilation lifetimes in the four different states as follows:
͑3͒
At temperatures high enough, positrons escape efficiently from the ionic traps and the experimental values can be analyzed with the assumption that only vacancy-type defects contribute to the data. In addition, if only one vacancy type contributes to the annihilation spectra, the annihilation parameters can be estimated using the equations of the onevacancy-type defect trapping model:
where v = 2 , the longer lifetime in the decomposition of the lifetime spectra.
The trapping rate at ionic traps ͑ ion ͒ can be calculated at low temperatures, where the escape rate is small enough to be neglected, using the following relation:
Due to finite time resolution, annihilations at source material, and background noise, usually only one or two lifetime components are resolved in the experimental spectrum. The longest lifetime of the decomposition corresponds to the lifetime of positrons trapped at vacancy-type defects. If the lifetime difference of two annihilation states is not large enough ͑⌬ ϳ 20% -30% ͒, they will appear mixed in a single lifetime component in the fitting. The shortest lifetime is a superposition of the positron lifetime in the delocalized state, that at the ionic traps, and that at the vacancy-type defects. Figure 1 shows the average lifetime measured at temperatures ranging from 10 to 500 K. A SVP-grown reference sample has also been measured at 300 K. The vacancy concentration in this sample is very low, and at room temperature only annihilations in the bulk are observed, giving an average positron lifetime of 171 ps, in good agreement with the lifetime measured in this sample at room temperature in Ref. 9 . The average positron lifetime in all the VT-grown samples is above the bulk lifetime. This is a clear indication that positrons are trapped at vacancy defects. The average positron lifetime in the Zn annealed sample is 5 -6 ps lower than that in the as-grown sample in the whole measurement temperature range, and the Zn annealed sample has the lowest lifetime values among the measured samples. The average lifetime in the oxygen annealed sample is 3 ps higher than that in the as-grown sample at 10 K, but it is only 1 ps higher at 500 K. On the other hand, the average lifetime in the vacuum annealed sample is similar to that measured in the as-grown sample at 10 K and 2 ps lower at 500 K.
IV. RESULTS
The decrease of the average positron lifetime with increasing temperature ͑Fig. 1͒ above 200 K is an indication of the vacancy defects being in the negative charge state. This behavior is due to the T −1/2 dependence of the positron trapping coefficient to negative centers. Below 200 K, the average positron lifetime decreases strongly with decreasing temperature. This is explained by the enhancement of positron trapping at negative-ion-type defects ͑with no open volume͒, from which the positron escapes at higher temperatures. Figure 2 shows the results obtained by fitting the spectra with two lifetimes as free parameters. If we focus on temperatures above 200 K, we can observe that the values of the higher lifetime component ͑ 2 ͒ and its intensity ͑I 2 ͒ in all the measured samples are almost similar within the experimental error. Also, the lower lifetime components ͑ 1 ͒ in the asgrown, the oxygen annealed, and the vacuum annealed samples have similar values. However, 1 in the sample annealed under Zn atmosphere is shorter over the whole temperature range. The differences in the lifetime components between the samples at temperatures below 200 K are larger.
The value of 2 is clearly larger than the values reported for the Zn vacancy. It ranges between 300 and 350 ps for temperatures higher than 200 K and 2 / b is around 1.7-2.0. This value is higher than the typical value for monovacancies in semiconductors. 10, 14 Hence, defects with larger open volume, i.e., vacancy clusters, contribute to 2 .
V. DISCUSSION

A. Positron lifetime in the ZnO lattice
Results of positron measurements in bulk ZnO crystals grown by EaglePicher ͑EP͒, the material used as reference in this work, have been reported earlier by three different groups. 9, 15, 16 The conclusions in these works coincide: the vacancy defect concentration in this material is below the detection limit of positron annihilation spectroscopy and only one lifetime component can be fitted to the spectrum at room temperature, thus giving directly the bulk lifetime. Hence, the EP ZnO samples are ideal for use as a reference. The bulk lifetime values reported by Brunner et al. 15 and Uedono et al. 16 ͑161 and 158 ps, respectively͒ are slightly lower than that reported by Tuomisto et al. 9 ͑171 ps͒. However, slight differences in the positron lifetime spectrometers, such as scintillators, geometry, and electronic settings, influence the absolute values of the positron lifetimes. In addition, the source corrections used are reported only in Refs. 9 and 17, which makes the direct comparison of the absolute values even less meaningful. Very recently, 18 a bulk lifetime as low as 151 ps was also reported ͑in melt-grown material͒ from a lifetime spectrum with 1 ϫ 10 6 counts measured at room temperature in a setup with a resolution of 250 ps, but this value was estimated from a lifetime spectrum dominated by a vacancy-related lifetime of 257 ps ͑intensity of 60%͒, and as such it is difficult to compare in a straightforward way with directly measured values. The source corrections used were not given in this report either.
The above discussion demonstrates the importance of having high-quality ͑low vacancy defect concentration͒ material, such as the EP bulk crystal, as a reference sample for positron measurements. In addition to as-grown samples, electron-irradiated ZnO has also been studied by Brunner et al. 15 They report a Zn-vacancy-related lifetime of 210± 10 ps, somewhat lower than the value obtained by Tuomisto et al. 19 measured with the same setup as in this work.
As
B. Fitting procedure
Fitting the spectra using two lifetimes as free parameters shows that 1 in the Zn annealed sample is systematically lower than in the other samples ͑Fig. 2͒. This feature correlates with the lower value of the average lifetime in this sample. The other parameters ͑ 2 and I 2 ͒ do not show any clear difference between the Zn vapor annealed sample and the other samples. Moreover, 1 is a statistically strong parameter due to the large value of I 1 ͑ϳ90% ͒ in all the measured samples and temperatures.
We tested the one-vacancy trapping model by comparing the fitted 1 of all the samples in the decomposition analysis of the spectra with two lifetimes as free parameters, with 1 * obtained from the model. Here, we used the fitted 2 as the vacancy lifetime at each temperature. The agreement between the fitted 1 and 1 * obtained from the one-vacancy model is good only in the Zn vapor annealed sample ͑Fig. 3͒. In the other samples, 1 * is systematically below the fitted value. This result can be well understood if the Zn annealed sample contains only one type of vacancy defects and the other samples contain at least two different types of vacancyrelated defects. It must be noted that 1 is below b in the Zn annealed sample, as expected when only one kind of vacancy is present. The same conclusion is reached by fixing the higher lifetime component to 340 ps, the average value of the fitted 2 .
Fitting the experimental spectra with three lifetime components ͑either as free or fixed͒ does not work due to the low intensity ͑total about 10%͒ of the longer components. The main problems in the analysis are the rather low intensity of the higher lifetime component and the fact that different vacancy-type defects are present in the material with lifetimes in the range 170-350 ps. Hence, focusing on the effects in 1 ͑with intensity ϳ90%͒ is reasonable.
The above analysis indicates that three different lifetimes contribute to the annihilation spectra: the bulk lifetime of b Ӎ 170 ps, the lifetime specific to vacancy clusters of ജ300 ps, and a third lifetime somewhere between these two. This component is mixed to both fitted lifetimes when two lifetime components are used as free parameters. In recent studies on bulk ZnO crystals, negatively charged Zn vacancies 9 and Zn-vacancy-related complexes in the neutral charge state 19 have been observed and their lifetime was 230 ps. The improvement of the results using the onevacancy model for the fitting of the lifetime corresponding to the Zn vapor annealed samples suggests that the presence of Zn vacancies or related complexes with a lifetime of 230 ps can be responsible for the problems in fitting the experimental lifetime with two free parameters.
Having in mind the similarities between the growth processes in this work and in Ref. 19 , we can assume that Zn vacancies or related complexes in a neutral charge state can be present in our samples as well. Taking into account that theoretical calculations predict lower formation energy for Zn vacancies double negative charged than for neutral ones, 22 the neutral state charge felt by positrons points toward the presence of V Zn -X neutral complexes. Thus, Zn vacancies could be complexed with donor-type defects ͑X͒ with no open volume or oxygen vacancies with low open volume.
As said before, the fitting with three components is not possible due to the low intensity of the higher components. Hence, assuming their neutrality, we proceed by subtracting a constant contribution as a function of temperature of the Zn vacancies or related complexes ͑lifetime v = 230 ps͒ from the spectra before fitting two lifetime components. Then, we optimize the subtracted intensity by comparing the fitted 1 with 1 * , which should coincide when only one-vacancy defect contributes to the spectrum. The intensity of the subtracted component is proportional to the fraction of positrons ͑ v ͒ trapped at the defect responsible for this component: 
The obtained best values of 1 are shown in Fig. 4 in the full range of temperatures. The subtracted fraction of 230 ps lifetime is also shown. The analysis can only be done at temperatures above 200 K, where the effects of the ionic traps can be neglected. In the Zn vapor annealed sample, the best fit is obtained if the 230 ps component is not subtracted at all. If the subtracted intensity is varied around the optimal value, the comparison to the one-vacancy trapping model is weakened. This analysis supports the existence of two types of vacancy defects in the samples.
Hence, we conclude that the lifetime spectra have contributions from two types of vacancy defects at high temperatures: one of around 230 ps, associated with Zn vacancies or related complexes, that cannot be resolved in ordinary decompositions, and another of around 300-350 ps, associated with vacancy clusters. The Zn vapor annealed sample at temperatures above 200 K has zero intensity of the 230 ps lifetime and positrons are trapped at one type of vacancy defects in this sample. The other samples are optimally fitted when the subtracted fractions are 9% ͑vacuum annealed sample͒ and 10% ͑as-grown and oxygen annealed samples͒. The procedure to arrive at the above results is as follows.
͑1͒ The spectra are fitted using two lifetimes as free parameters, obtaining results with lower statistical noise than with three lifetimes, and a complete separation of the vacancy-type defect contributions has been obtained.
͑2͒ The analysis is tested using the one defect trapping model.
͑3͒ The criterion 1 = 1 * for the subtraction of the right intensity value is used.
While making this analysis, only the 200-500 K temperature range has been considered, because at low temperatures positrons also annihilate at ionic traps. The presence of only one type of defect in the spectra besides the 230 ps component is necessary to apply this analysis. The subtraction of a constant intensity independent of temperature gives a very good agreement with the one-vacancy model, suggesting that the Zn vacancies belong to V Zn -X neutral complexes in VT-grown ZnO.
C. Concentrations of the defects
The above discussion shows that above 200 K, positrons annihilate mainly at two positron traps: the Zn vacancy or related complexes ͑ V = 230 ps͒ and a vacancy cluster with a longer lifetime. The lifetime of positrons trapped at vacancy clusters can be estimated as an average of the values of 2 obtained after the subtraction of the 230 ps component, cl = 2 = 340± 40 ps. In this temperature range, the effects of ionic traps and the variations due to the possible temperature dependence of the trapping rates are very small.
Further support of the fact that the Zn vacancies belong to V Zn -X neutral complexes is the temperature variation of the average positron lifetime above 200 K in the Zn vapor annealed sample, where no Zn vacancies are present. Hence, the vacancy clusters are in the negative charge state. As the fitting of three lifetimes to the spectra is uncertain, we fit the average lifetime vs temperature data in the way described in the following ͓using Eq. ͑3͔͒.
First, the high temperature range ͑200-500 K͒ is fitted considering two vacancy lifetimes: one of 230 ps and another of 340 ps, the effect of ionic traps being negligible at these temperatures. Next, the entire temperature range will be fitted using the trapping rates at vacancies obtained in the first step as fixed parameters to obtain the trapping rate, the concentration, and the binding energy of the ionic traps.
The values obtained after fitting the high temperature range are summarized in Tables I and II . V Zn -X neutral complexes were fitted with a constant trapping rate ͑ v = v 0 ͒ and the vacancy clusters with cl = cl 0 ͑T / 300 K͒ −0.5 , as corresponds to negatively charged defects. The concentrations of V Zn -X-complex-type defects were calculated using the typical trapping coefficient for neutral vacancies in The concentration of V Zn -X neutral complexes in Zn annealed sample is below the detection limit of about 0.03 ppm. In the oxygen and vacuum annealed samples, the V Zn -X complexes are practically unaffected by the annealings, in good agreement with recent work on chemical vapor transport ͑CVT͒ ZnO oxygen annealed samples. 19 In contrast, the concentration of vacancy clusters is higher in all the annealed samples than in the as-grown sample. It is worth noticing that the trapping coefficient at 300 K is higher for vacancy clusters than for V Zn -X complexes. In addition, the clusters are in the negative charge state; as a consequence, the detection limit is lower than that of the V Zn -X complexes, about 0.002 ppm.
Assuming that the vacancy clusters are negatively charged and the V Zn -X complexes are neutral yields the best fit of the average lifetime in the 200-500 K temperature range. In addition, we want to point out that the values of the trapping fractions of the 230 ps Zn vacancy component obtained by subtracting the component when fitting the lifetime spectra are consistent with the results obtained by fitting the average lifetime vs temperature data. In addition, the low concentration ͑below detection limit͒ of V Zn -X complexes in the Zn vapor annealed sample is observed with both fitting methods.
The average positron lifetime in all the samples decreases with decreasing temperature below 200 K. This indicates that positrons are efficiently trapped at ionic traps at low temperatures. The estimated values of ion ͓Eq. ͑6͔͒ are shown in Fig. 5 for temperatures lower than 200 K. The trapping rates follow a power law behavior at temperatures below 60-70 K. At higher temperatures, they decrease rapidly because the detrapping from the defects becomes important. It is remarkable that a similar temperature dependence is obtained in all samples, as it would be the case if the same type of defects was present. The power law coefficient takes values between −0.7 and −0.8 ͑see Table III͒ , in rather good agreement with both the theoretical value of −0.5 ͑Ref. 13͒ and experimental values ranging from −0.3 to −0.7 obtained in GaN and ZnO. 24 The trapping rates and concentrations of the ionic traps are presented in Table III . It is clearly seen that in all the samples, the majority of positrons annihilate as trapped at ionic traps at low temperatures: for example, in the as-grown sample v = 0.9͑1͒ ns −1 , cl = 0.6͑1͒ ns −1 , and ion =14͑4͒ ns −1 . The values of ion at 10 K ͑see Table III͒ are used in the fit of the annihilation parameters of the ionic traps. The trapping rates of the vacancy-type defects are also introduced as fixed parameters. The average lifetime has been fitted in the entire temperature range using Eq. ͑3͒. The fitted parameters are the binding energy of positrons at ionic traps ͑E b ͒ and the concentration of ions ͑C ion ͒. The fitted curves are shown in Fig. 1 and the results are presented in Table III . The binding energy at the traps is 30± 10 meV, a reasonable value if we consider that nearly all positrons are detrapped at 200 K.
It is worth noticing that the concentration of ionic traps is the highest in the Zn annealed sample ͑2 ppm obtained from the fit͒. The concentrations of ionic traps in the other samples are lower and similar ͑0.4-0.7 ppm͒. The trapping coefficients of the ionic traps ͑ ion = ion / C ion ͒ get values in the range of ͑2 -3.5͒ ϫ 10 16 s −1 at 10 K. These values are of the same order of magnitude as the trapping coefficients obtained in GaN. 14 
D. Origin of the defects
Zn vacancies created by irradiation with electrons are recovered at temperatures lower than 600 K. 17 So, the fact that the neutral Zn-vacancy-related defects ͑ V = 230 ps͒ in VTgrown bulk ZnO samples survive the 900°C annealing in vacuum and oxygen atmospheres is an indication that the Zn vacancies are not isolated, but belong to a V Zn -X defect complex.
The lowest formation energy for the Zn vacancy is for its double negative charge state in n-type material. 22 However, the positrons are sensitive to the total charge of the complex, which in this case is neutral. Hence, the Zn vacancies observed in VT-grown are complexed with donor-type defects with no open volume, which can be either impurities or intrinsic defects. Similar neutral in-grown Zn-vacancy-related complexes have also been observed in CVT-grown ZnO. 19 On the other hand, these centers behave in a different way when annealing in Zn atmosphere. Indeed, its concentration decreases below the detection limit of the positron annihilation spectroscopy. So, it indicates that the recovery is not caused by the dissociation and migration of Zn vacancies and it is due to the Zn vapor atmosphere at which it has been annealed. Moreover, Zn interstitials are very mobile at the annealing temperature. 25 Therefore, Zn diffusion into the center must be the cause of the recovery.
The temperature behavior of the longest lifetime component indicates that the vacancy clusters are in the negative charge state. Based on the magnitude of the longest lifetime component ͑ cl = 340± 40 ps͒, we can estimate the size of the vacancy clusters. This lifetime can be compared to those reported in SiC, 26 where the Si vacancy to SiC bulk lifetime ratio is close to the Zn vacancy to ZnO bulk lifetime ratio. We estimate that the clusters consist of at most five missing Zn-O pairs, as there is no reason to assume that these clusters would be Zn rich or O rich. The concentration of the vacancy clusters increases slightly in all the annealings, suggesting that new clusters are formed during the annealing by the thermal creation and migration of vacancies. The mean size of the clusters does not increase appreciably. It must be pointed out that the vacancy cluster concentration is not increasing at the expense of the Zn-vacancy-related complexes, because they are unaffected by the annealing in vacuum or oxygen atmosphere.
The ionic traps are the most abundant defects observed in our positron experiments. Their presence in as-grown samples has been typically interpreted as them being related to impurities, as the intrinsic defects tend to be mobile at rather low temperatures. However their concentration increases with the annealing in Zn vapor. Hence, we suggest that these negative centers ͑with no open volume͒ are related to intrinsic defects in the Zn sublattice.
VI. CONCLUSIONS
We have applied positron annihilation spectroscopy to study the behavior of point defects in the annealing under different conditions of bulk ZnO crystals grown by VT. The positron annihilation lifetime spectra present more than one type of vacancy-type defect and ionic traps. The existence of two types of vacancy-type defect trapping positrons has been unambiguously stated subtracting one lifetime component as a source component before the lifetime analysis. The subtracted intensity has been determined using the one defect trapping model.
The vacancy-type defects are identified as neutral defect complexes involving the Zn vacancy and negatively charged vacancy clusters consisting of at most five missing Zn-O pairs. The concentrations of the Zn vacancies are in the 0.2-0.3 ppm range, while the concentrations of the vacancy clusters are estimated 1-2 orders of magnitude lower. The ionic traps are the most abundant defects observed in our experiments, with concentrations in the 0.5-2 ppm range. The concentration of the Zn-vacancy-related complexes is significantly reduced after annealing in Zn atmosphere. The concentration of the vacancy clusters increases slightly in the annealings, possibly due to the formation and subsequent migration of vacancies on both sublattices. The concentration of the ionic traps increases after annealing in Zn atmosphere, which suggests that they are related to intrinsic defects in the Zn sublattice.
